This paper addresses the collisionless damping of whistlers observed as precursors standing upstream of oblique, 1ow-Mach number terrestrial bow shocks. The linear theory of electromagnetic waves in a homogeneous Vlasov plasma with Maxwellian distribution functions and a magnetic field is considered. Numerical solutions of the full dispersion equation are presented for whistlers propagating at an arbitrary angle with respect to the magnetic field. It is demonstrated that electron Landau damping attenuates oblique whistlers and that the parameter which determines this damping is fie' In a well-defined range of parameters, this theory provides damping lengths which are the same order of magnitude as those observed. Thus electron Landau damping is a plausible process in the dissipation of upstream whistlers. Nonlinear plasma processes which may contribute to precursor damping are also discussed, and criteria for distinguishing among these are described.
INTRODUCTION
The primary purpose of this paper is to study the collisionless damping of whistlers observed as precursors standing upstream of the earth's bow shock.
When the solar wind is sufficiently cold and has a sufficiently low flow velocity, the earth's bow shock is generally observed to have a comparatively simple structure, a relatively smooth, relatively narrow transition of the plasma parameters and magnetic field from upstream to downstream values. At times an upstream precursor wave is observed as well. Such a structure may be described as a coherent whistler wave which grows in amplitude to a point at which there is a transition So we here consider other possible mechanisms for the damping of the standing whistlers observed upstream of dispersive shocks. In particular, we examine the linear damping theory of obliquely propagating whistlers in a two-species plasma with Maxwellian velocity distributions. We compare computed damping lengths with those observed by MG. Although we do not find close correlation between the theoretical and observed damping lengths, the two quantities are in general the same order of magnitude. Since Landau damping of the whistler is very sensitive to the details of the electron distribution, the discrepancies may be due to the fact that we have not modeled the details of upstream electron distributions.
We also compute linear damping rates for the laminar shocks studied by FF. We find linear theory yields plausible damping rates within the range of parameters spanning MG's data; however, at extreme parameters sometimes observed by FF (e.g., very low fie), theoretical Landau damping lengths are much longer than the observed damping lengths. For these cases we conclude that linear damping by nonMaxwellian electron distributions or one of two nonlinear mechanisms are plausible sources of precursor dissipation.
The remainder of this paper is structured as follows. Section 2 reports results from numerical solutions of a fully electromagnetic dispersion equation for whistlers at oblique propagation and examines their damping rate as a function of Te/Ti and fie' Section 3 compares experiment and theory, section 4 examines nonlinear mechanisms which have been proposed for whistler precursor damping, and section 5 is a conclusion. 
The derivation of the electromagnetic dispersion equation based on (3) is well known and will not be given here. MG have argued that Lio > Lo for most of the cases in which precursors are absent, so that they may be regarded as resistive, rather than dispersive, shocks. In such shocks the whistler would be strongly damped within the shock transition itself and would never escape usptream; Landau damping is irrelevant in these cases.
To check this idea we have computed LLanaau/2 predicted by our linear theory for the cases of FF in which no precursors were observed. In every case LLanaau > 2, and in many cases LLanaau >> 2, SO that it is clear that linear damping is not the attenuation mechanism here.
We now consider the dispersive cases of FF, i.e., those for which Lo • Lio and for which upstream precursors were observed. Computing LLanaau/2, we find that LLandau •< 72 for the six of the eight cases that satisfy at least two of the three criteria and LLanaau >• 102 for all nine of the cases that satisfy one or none of the criteria. Six of these latter nine cases are illustrated in Figures 4 through 6 of FF; since most of these show damping lengths of order twice the whistler wavelength, it follows that Landau damping is not a likely mechanism for whistler attenuation in these cases.
In summary, when the shock is dispersive and its parameters meet most of the criteria we have set, Landau damping by near-Maxwellian electron distributions is a plausible damping mechanism for upstream precursors. When the theory described here does not well describe the damping, linear damping by nonMaxwellian electrons or nonlinear mechanisms may be the cause of whistler damping. We here briefly consider the former processes and in section 5 we examine some of the latter processes.
To gain insight into the possible effects of nonMaxwellian functions, it is difficult to determine whether these details will enhance or detract from the correlation between theory and experiment.
NONLINEAR DAMPING MECHANISMS
In this section we consider some possible nonlinear mechanisms for dissipation of upstream whistler precursors. These may be classified into two categories: wave-particle and wavewave.
Nonlinear wave-particle interactions may be further subdivided into two categories: "driven" and "self-consistent." In the former case, a source of free energy which is not related to the whistler itself (e.g., superthermal electrons from the shock) drives a microinstability which generates wave-particle transport (e.g., resistivity) which, in turn, damps the whistler. Such a process depends on the externally driven free energy and is not a function of the whistler amplitude. Self-consistent transport arises from microinstabilities excited by the whistler itself; this process is clearly whistler amplitude dependent.
To illustrate driven wave-particle transport we use a simple example for signatures of the three whistler-wave process; finding none they concluded that wave-wave decay is not important in the shocks they examined. However, their results do not rule out the two whistler-ion-acoustic wave decay process, and it appears that further studies will be necessary to establish whether this decay mode is present upstream of laminar shocks. In summary, we believe that two nonlinear processes which may contribute to the damping of upstream whistlers are damping by heat-flux-driven ion acoustic turbulence and two whistler-ion-acoustic wave decay.
CONCLUSION
We have examined the linear damping of whistlers which propagate obliquely to B in a collisionless plasma with Maxwellian distribution functions. Our results lead us to argue 'that electron Landau damping is a plausible process in the dissipation of whistler precursors upstream of low Mach number, laminar bow shocks, and that this process is likely to be important in dispersive shocks with 60 ø Under plasma conditions such that Landau damping is not an important whistler dissipation mechanism, nonlinear processes may be responsible for the damping. Among these, we suggest that two likely mechanisms are wave-particle scattering by ion acoustic turbulence driven by a field-aligned source of free energy from the shock and wave-wave decay of the precursor into another whistler plus an ion acoustic wave. The nature of the electrosfatic fluctuations often found upstream of the shock may be a • clue t ø differentiating these processes' heat-flux-driven ion acoustic turbulence should incidentally damp the whistler and should extend upstream far beyond the whistler's domain, whereas turbulence associated with whistler decay should decrease in amplitude at a rate similar to that of the whistler.
